Low moduli cell culture substrates can be used to apply dynamic mechanical strain to cells, by surface deformation. Understanding the surface interaction with cells is critical to improving cell adhesion and normal growth. A medical grade polyurethane (PU), Chronoflex AL 80A, was modified by oxygen plasma etching and characterised by X-ray photoelectron spectroscopy. Etching resulted in increased cross-linking at the isocyanate bond and formation of new oxygen moieties. The model, derived from patent data and XPS data of the unetched PU, indicated that the additional oxygen was likely to be hydroxyl and carbonyl groups. Etched membranes enhanced protein adhesion, resulting in full surface coverage compared to unetched PU. The etched PU supported cell adhesion and spreading, while the unetched PU was not conducive to monolayer formation.
Introduction
The human body comprises tissues with a range of elastic moduli. Improving the response of in vitro cell-and tissuebased investigations can be achieved by culturing cells upon a substrate with a modulus closer to that of living tissue, as opposed to tissue culture polystyrene that has a modulus an order of magnitude greater than smooth muscle, for example, [1] . In addition, dynamic modulation of the substrate can provide mechanical signals that drive differentiation or proliferation.
Previously, a stable biocompatible polyurethane (PU), Chronoflex AL 80A (AdvanSource Biomaterials, Wilmington, MA), was tested as a low modulus candidate substrate for a bioreactor capable of subjecting cells to a dynamic mechanical environment [2] . PU was selected as it is more resilient [3] and has a better cell response than similar polymers [4] . It was shown that plasma etching is a key factor to the success of cell adhesion and normal cell growth: the wettability was found to be dependent on etching power and duration, while roughness was more affected by the duration [2] . Therefore the state of oxidation of the PU membrane has been examined, in order to understand the effects of plasma etching on protein and cell adhesion.
Method
2.1. Membrane Manufacture and Modification. PU membranes were produced as described previously [2] . In brief, polyurethane membranes of thickness 200 ± 10 m (mean ± standard deviation (SD)) were formed by solvent casting with tetrahydrofuran (10% w/w) and drying in a vacuum oven at 50 ∘ C. Surface modification was carried out by etching using an inductively coupled RF-source (13.56 MHz) plasma barrel etcher (Biorad PT7100). The sample chamber was evacuated to 8 Pa, purged with oxygen (grade 2 nitrogen free, BOC, 2 Conference Papers in Science Surrey, UK), and the pressure was maintained at 20 Pa for 5 min. Samples were then exposed to plasma for 40 s or 80 s at powers of 20-180 W.
X-Ray Photoelectron
Spectroscopy. X-ray photoelectron spectroscopy (XPS) spectra of PU membrane samples were recorded using an Axis Ultra (Kratos Analytical, Kyoto, Japan) with monochromated Al (1486.6 eV) radiation source with a pass energy of 80 eV for survey spectra and 20 eV for high resolution spectra; the step size was 0.1 eV. The takeoff and acceptance angles were 90 ∘ and 30 ∘ , respectively. Two PU membrane samples (⌀ 11 mm) were taken from separate batches; three areas (700 × 300 m) per sample were analysed. By modelling peak envelopes on the spectral data, the relative abundance of each chemical environment may be quantified. Data was interpreted using CasaXPS v2.3.1.6 with the Kratos relative sensitivity factor library. Charge correction was carried out by shifting data relative to the C 1 s peak (285.0 eV). Peak and component (30% Gaussian-Lorentz distribution) fitting was carried out with a Tougaard background; data smoothing was not applied. Full width half magnitude (FWHM) was constrained to 0.8-1.3 eV for C 1 s, N 1 s and Si 2p, and 1.5-1.8 eV for O 1s; peaks with a higher binding energy have greater interference and so have a larger FWHM [5] .
Protein Adsorption.
Unetched and etched (20 W 40 s) membranes (⌀ 11 mm) were incubated (37 ∘ C, 5% CO 2 ) in 48-well TCPS multiplates for periods of 2 and 5 days with Dulbecco's Modified Eagle Medium (DMEM) with 10% foetal bovine serum (Fisher Scientific, UK). A control sample was incubated with deionised water. Samples were dried in a nitrogen gas stream after incubation, prior to loading in the XPS analyser.
Cell Culture. Osteosarcoma MG-63 cells (European
Collection of Cell Cultures) were cultured in a humidified 37 ∘ C, 5% CO 2 incubator, with culture medium composed of DMEM supplemented with 10% FBS (Fisher Scientific, UK), 1% 200 mM L-glutamine, 5% antibiotics-antimycotics, 5% 1 M HEPES, 1% MEM nonessential amino acids, and 0.15 mg⋅mL −1 L-ascorbic acid. Passage 25 cells were harvested with 0.25% trypsin-EDTA and seeded at 20,000 cells⋅cm −3 . Medium and reagents were purchased from Fisher Scientific, UK.
Results

XPS
3.1.1. Survey Data. Spectral peaks that correspond to carbon (C 1 s), oxygen (O 1 s), nitrogen (N 1 s), and silicon (Si 2p) were present in the survey spectra of all samples. The surface atomic composition, excluding hydrogen (as it is not detected by XPS), was calculated from the relative peak areas of the XPS spectra, and the values are listed in Table 1 . The error for some species (e.g., maximum SD of O 1 s was ±2.4) was increased by a slight batch variation that may arise due to operator error in plasma power or duration control; however, within these batches the error margin is relatively small (e.g., for O 1s, the maximum and minimum SD for the 2 tested batches were ±0.72/±0.20 at.% and ±0.72/±0.05 at.%, resp.). The high variation of the oxygen of the unetched control membrane (±2.2 at.%) demonstrates that localised variance exists after manufacture, prior to further surface treatment.
Silicon.
Silicon was not part of the material specification; therefore it is suggested that the source of contamination was silicone oils used in the moulding of the PU pellets and/or packaging extrusion. The high resolution silicon peak of the unetched PU is shown in Figure 1 . In all the unetched samples the silicon peak was present at approximately 102.2 eV ± 0.1 eV, which indicates that the silicon was not elemental (99-100 eV [6] ) nor was it silicon dioxide, which is known to undergo a chemical shift to approximately 103-104 eV [6, 7] . The chemical shift suggests that it was a siloxane bond [6, 8] , which is indicative of a silicone based organic molecule.
In the case of the etched (20 and 50 W) samples, the Si 2p peak undergoes chemical shift to approximately 102.9 eV, with 1/2 and 3/2 spin states at 102.8 eV and 103.5 eV, respectively. This indicates that oxygen has been added, to form SiO , where 1.8 < < 2. According to the literature [8] [9] [10] [11] [12] , as the peak maximum was at 102.8 eV the oxidation state is most likely Si III. In addition, the +3 oxidation state is likely to be as a result of coordination with 3 oxygen atoms and 1 carbon atom ((CH 3 ) SiO 3/2 ) [8, 12] . After etching at 100 or 180 W, the Si 2p peak was shifted to 103.2-103.5 eV, which is characteristic of SiO 2 [9] [10] [11] [12] . As Si contributes a significant quantity of oxygen (ca. 10%), it was included in the model.
Model and High Resolution XPS Data.
A possible molecular structure for Chronoflex, shown in Figure 2 , was deduced using data published in the manufacturers patent [13] . It was known that the composition was aliphatic; therefore the networking components were most likely 4,4 -dicyclohexylmethane diisocyanate (HMDI) with 1,4-butanediol (1,4-BDO), which are shown linked in Figure 2 (b). Given the composition of aliphatic polycarbonates available at the time of the PU invention and based on the patent data, the soft matrix was most likely hexanediol-carbonate glycol ( Figure  2(a) ). In addition, the ratio of carbonate to diisocyanate to extender was likely to be 2 : 2 : 1 [13] . From this information a table of chemical groups (Table 2) , along with the number of chemical environments for C, N, and O, has been compiled.
In the following analysis, 3 sample categories are presented: unetched PU; PU etched at 20 W 40 s, representative of high surface oxidation, and which was the surface treatment applied to cell culture samples; and PU etched at 20 W 80 s, representative of low surface oxidation. The component binding energy and area was constrained as shown in Table 2 . Using the peak fitting tool it was possible to fit 8 theoretical components to the C 1 s unetched experimental data ( Figure  3(a) ), based on the known structural moieties of Chronoflex. The model envelope was a close approximation of the XPS data. The C 1 s model was then imposed upon XPS data from etched samples; area constraints were removed to allow for changes in the composition, but component binding energy constraints remained unchanged. The model did not produce (Figures 3(b) and 3(c) ). The unetched O 1 s peak was fitted with a four-component model ( Table 2) , along with components for siloxane and an additional carboxyl peak (532.1 eV) (Figure 4(a) ). The model for etched samples (Figures 4(b) and 4(c)) required further modification: there was a high possibility of hydroxylation occurring during oxidative plasma etching, and hydroxyls are known to form on oxide coatings [16] . Addition of a hydroxyl component (533.1 eV; constraint was 532.7-533.1 eV [6] ; corresponding peak in C 1 s: 289.2-289.3 eV [6] ) to the O 1 s peak resulted in a good fit of the model to the XPS data. The hydroxyl binding energy upper constraint was extended from 533.1 eV to 533.5 eV, on the basis that it may form close to an O or N in the PU structure, which would increase the binding energy. Siloxane was constrained to 532.0 eV ± 0.1 eV [6] , while for SiO the component constraint was 531.0-534.0 eV [8] [9] [10] . Silicon oxides, SiO , have binding energies of 532.2 eV for = 1.8 [10] , 532.6 eV for = 1.9 [9] , and 532.7 for = 2.0 [9, 10] . For etched samples, the silicon bound oxygen peaks were at 532.3 eV (Si 3+ ) and 532.6 eV (Si 4+ ). The oxidation components are given in Table 3 . The N 1 s peak of the unetched sample consisted of a single component (399.9 eV); the binding energy was similar to isocyanate bonds reported for other polymers [6] . After plasma etching, the N 1s peak was resolved into 2 distinct components at 399.9 eV and 401.6 eV, which contributed 70 at.% and 30 at.%, respectively, to the nitrogen peak ( Figure 5 ). The component at 401.6 eV was most likely due to formation of ammonium ions by cross-linking [6] . It was unlikely that oxidation occurred at the nitrogen position, as that would incur a much higher chemical shift (e.g., NO 2 is ca. +5.0 eV from 399.9 eV) [6] .
Protein Adsorption.
Samples that were incubated with culture medium and analysed by XPS had peaks for carbon, oxygen, nitrogen, silicon, sulphur, sodium, and chlorine. A control sample was preincubated with sterile DI water; sulphur and buffer salts were undetected ( Table 4 ). The silicon signal was stronger on unetched PU incubated for 2 days and reduced but still present after 5 days ( Figure 6 , Table 4 ). The Si 2p peak was as strong as on nonincubated samples and was a singlet with components at 102.2 eV (Si II) and 102.8 eV (Si III). In each scanned area, sulphur was detected regardless of whether or not the silicon signal was present (Table 4) , as shown in Figure 6 .
On the etched PU surface, silicon was not detectable above the background signal following either 2 or 5 days of incubation (Figure 7 , Table 4 ). The Si 2p values shown in Table 4 have high error due to the software automatically trying to analyse peaks that were at background levels.
Cell Adhesion.
Cells were seeded onto unetched and etched PU that was preincubated for 48 h with culture medium. Phase contrast micrographs of cells on PU are shown in Figure 8 . On the unetched PU, cells were mostly of a round morphology, but, on the etched PU, nonrounded morphology was evident 3 h after seeding. After 1 day, cells on both surfaces had fusiform morphology. A confluent monolayer was formed on the etched PU within 3 days;
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Binding energy (eV) however on the unetched PU the cells aggregated to form clusters. The clusters continued to grow in size during the 8day culture period.
Discussion
A model was fitted to the XPS data, based on a theoretical structure. The model can be used as the basis to determine changes to the PU surface following oxidation by plasma etching and so aid selection of a suitable preparation regime for a cell culture substrate. Unetched membranes revealed a relatively high standard deviation of multiple elements, which has also been documented with polyether urethanes [17] . The C : O atomic ratio was 6.7 ± 0.55, and the C : N ratio was 23.1 ± 2.11, both of which were higher than the theoretical bulk ratios (5.33 and 16.0, resp.). This may not reflect on the accuracy of the model, as it has been shown that PU copolymers alter their morphology depending on the environment [18, 19] . Adventitious carbon, on the unetched samples, may also skew the analysis [20] ; unetched samples were stored in aluminium foil and after etching were transferred to the XPS analyser chamber within 3 h; therefore adventitious carbon was unlikely. , as well as introducing cross-linking involving nitrogen. Peaks corresponding to HO-C=O were found in both C 1 s and O 1 s. Hydroxyl groups, in the case of polystyrene, have been proven to be essential for cell adhesion [21] .
Incubation of cell culture substrates with proteins, particularly proteins with the RGD sequence, improves cell adhesion. PU was incubated with a protein mixture, and it was determined that etched membranes had complete coverage (Figure 7) . Unetched PU showed strong signals for silicon and weaker signals for sulphur, in comparison to etched PU. The presence of both signals suggests that protein adsorption sites were limited on the unetched surface. Membranes were handled at the edge using tweezers, which may have led to variation in the quantity of adsorbed protein disturbed/removed during transfer from the incubation plate to the washing plate; however analysis was carried out on the central region.
Osteosarcoma cells cultured on the unetched PU were unable to reach confluence. Initially the cells remained rounded, probably due to the high surface hydrophobicity [2] . Over time they formed clusters; this indicates that there may be an inhomogeneous spatial distribution of cell adhesion sites on the material. Cells on the etched PU demonstrated the ability to adhere and expand similar as to when seeded Conference Papers in Science onto tissue culture polystyrene [2] . XPS of protein incubated etched PU did not show a silicon signal, which indicated complete protein coverage, which may have been a key factor in cells achieving confluence. This suggests that the oxidation, due to etching, was effective at increasing available protein and cell adhesion sites. According to the model, the hydroxyl groups accounted for a very small proportion of oxygen moieties, but the evidence shows that it was sufficient.
Conclusions
It has been shown that oxidative plasma etching of a medical grade PU alters the surface chemistry and roughness. XPS data showed cross-linking at the isocyanate group, involving 30 at.% of the nitrogen. Oxidation of the surface added hydroxyl and additional carbonyl groups. The former oxygen moieties were most likely responsible for the improved protein adsorption on etched surfaces and consequently the improved cell adhesion.
